A simple process is developed to curl graphene membranes through thermal annealing. The resulting curled graphene ribbons displayed enhanced photocurrent response compared to flat graphene ribbons. The annealing temperature, the thickness of the graphene, and the type of polymethyl methacrylate used were the three key factors that influenced the morphology of graphene during thermal annealing. Each of the factors has been systematically investigated, and the transition from flat to curled graphene ribbons was observed. This work has shown a facile method to alter graphene morphology and to develop promising graphene structures for future optoelectronics. V C 2013 AIP Publishing LLC. [http://dx
A simple process is developed to curl graphene membranes through thermal annealing. The resulting curled graphene ribbons displayed enhanced photocurrent response compared to flat graphene ribbons. The annealing temperature, the thickness of the graphene, and the type of polymethyl methacrylate used were the three key factors that influenced the morphology of graphene during thermal annealing. Each of the factors has been systematically investigated, and the transition from flat to curled graphene ribbons was observed. This work has shown a facile method to alter graphene morphology and to develop promising graphene structures for future optoelectronics. Graphene, a two dimensional material composed of a single atomic layer of carbon, has attracted significant attention due to its superb electrical, optical, and mechanical properties. [1] [2] [3] [4] [5] However, the fact that graphene is inherently a zero band-gap, semi-metal has limited its implementation in potential electronic applications. A large number of theoretical and experimental studies have suggested that by modifying the morphology of graphene, it is possible to change physical properties of graphene and thus make it a more appealing building block for future electronics and photonics. [6] [7] [8] [9] [10] [11] [12] An intensive research effort has been dedicated to modify graphene morphology, leading to the rise of two feasible methods. The first method is to confine the lateral dimension of graphene ribbons in nanometers. [6] [7] [8] This method, however, is bottlenecked by the complexity of the high-precision fabrication and limited control of edge chirality. The second method usually changes the three-dimensional topography in graphene, which is less complicated and normally easy to control. [9] [10] [11] [12] Many appealing structures have been derived from this principle, such as collapsed graphene wrinkles, 9 folded graphene membranes, 10 and crumpled graphene, 11 all of which exhibit intriguing but distinct properties compared with pristine graphene.
In this letter, we report a facile method to alter the graphene morphology and further change its optoelectronic behavior. By utilizing the mechanical forces imparted on the graphene due to the thermal degradation of poly-methyl methacrylate (PMMA), we are able to make curled graphene ribbons (CGRs) which exhibit remarkable optoelectronic response characterized by spatially resolved scanning photocurrent microscopy. By controlling the annealing temperature, thickness of the graphene, and type of PMMA, we are able to systematically change graphene structures from freestanding flat ribbons to CGRs.
Graphene was synthesized using a standard chemical vapor deposition method. 13, 14 We used Alfa Aesar 0.025 mm, 99.8% pure copper foils for the graphene growth. Copper foils with a grain size of $100 lm were cut into strips of $1 cm in width. To prepare the foils for the growth of high quality graphene, acetone (10 s), isopropyl alcohol (10 s), and deionized water were used successively to clean the copper foils to eliminate the contamination. For the growth, we loaded copper foils onto a quartz boat, which was transferred to a horizontal furnace system. After the system was pumped down to 10 mTorr, we raised the temperature to 1000 C and started to flow 100 sccm Ar along with 10 sccm hydrogen to anneal for 1 h. Once the annealing was finished, Ar flow was terminated and a mixed gas of H 2 /CH 4 (100 sccm/20 sccm) was introduced into the furnace. The growth of graphene was conducted at 1000 C for 30 min. Figure 1 shows the schematics of the device. The Pt electrodes were patterned on fused silica/oxidized silicon wafers by photolithography and deposited by e-beam evaporation. The source and drain electrode pads were separated by 8 lm, between which a 4-lm-deep trench was etched by RIE. After graphene growth, an ultrathin PMMA layer was spin-coated on top of the graphene/copper-foil stack. Then the PMMA/graphene film was transferred to the desired substrate after the underlying copper was removed by a wet etching process. A thermal annealing process was then used to remove the PMMA and to form CGRs. The sample was vacuum annealed (base pressure < 1 mTorr) at 440 C for 30 min in the presence of 200 sccm Ar and 20 sccm H 2 , allowing for complete evaporation of the PMMA. 15, 16 No further lithographic patterning was performed, and the separation of each device was achieved by physical scratching after the formation of CGRs. As illustrated in Figure 1 (a), after this annealing process, the suspended graphene membrane tended to form a curled structure. Wrinkles were also found in the edge regions of the suspended graphene ribbon
, which may result from the difference between the thermal expansion coefficients of graphene and the PMMA. 17 The suspended region of the graphene membrane was susceptible to the forces generated by the evaporation of the PMMA and became curled and wrapped, while the supported graphene membrane stuck well to the substrate due to the ultrastrong adhesion between graphene and SiO 2 , 18 resulting in the observed morphology variance of the a)
Author to whom correspondence should be addressed. graphene. This unique graphene structure has been found to substantially enhance the photoresponse of graphene, displaying great potential for optoelectronic applications. In order to understand the formation of CGRs and to produce these structures in a controllable way, the roles of the process parameters have been investigated thoroughly.
Realizing that the annealing temperature could directly affect the thermal degradation of PMMA, we investigated the influence of temperature on the formation of CGRs. Besides the optimal annealing temperature of 440 C, two lower temperatures of 340 C and 240 C were also tested. We found that the annealing temperature was the key parameter that influences the morphology variance for CGRs. Other annealing parameters such as annealing time and heating rate did not result in significant changes. As shown in Figure 2 (a), when other annealing conditions were held constant during the process, we formed distinct graphene structures at each temperature. At 240 C, all graphene structures formed were flat ribbons. The PMMA was observed to degrade inefficiently at this temperature, 15, 16, 19 indicating that the forces imparted on graphene induced by the PMMA evaporation may not be strong enough to initiate the curling of graphene. But once the annealing temperature was increased to 340 C, the percentage of freestanding flat ribbons diminished significantly while the CGRs started to overwhelm. When the annealing temperature was further increased to 440 C, CGRs were the dominant graphene structures while flat ribbons were hardly found.
In order to compare the photoresponse of graphene structures with differing morphologies, we performed spatially resolved scanning photocurrent measurements. For samples annealed under low temperatures (<350 C), chloroform was used to remove potential PMMA residues and the graphene structures were preserved by utilizing critical point drying. As shown in Figures 2(b) and 2(c) , the photocurrent response from a flat graphene ribbon was usually weak, with intensity less than 1 nA in the present experimental setup. The generation of the photocurrent mostly came from the interface between the graphene ribbon and metal electrodes, which may result from potential barriers at the contacts induced by Fermi-level alignment. 20, 21 Weak photocurrent was also observed at the edge of the trench, indicating the presence of a potential-step at the suspension interface. When the temperature was increased to 340 C, the curling of the graphene membrane started to appear [ Figure 2(c) ]. As shown in Figure 2 (e), the suspended CGR structure exhibited a pronounced photocurrent with intensity of a few nA, which was substantially stronger than that detected in the flat graphene ribbon. The enhancement of photocurrent might be attributed to the interlayer interactions among tightly stacked graphene layers in the CGR, which may potentially influence the optoelectronic properties of graphene. Once we increased the annealing temperature to 440 C, CGRs were found to become even narrower, possibly due to the higher degradation rate and more complete evaporation of PMMA at this temperature. 15, 16, 19 The photoresponse from CGRs was further enhanced, showing prominent photocurrent in the range of tens of nA [ Figure 2(g) ].
Besides the annealing temperature, the graphene thickness was found to be another important factor that influences the formation of CGRs. As discussed before, when the annealing temperature was increased to 440 C, most structures we obtained were CGRs. However, a few structures (<5%) still turned out to be flat ribbons after the annealing process. Figure 3 shows a typical flat graphene ribbon obtained after thermal annealing at 440 C. We found that the graphene ribbon was a part of a darker strip easily distinguished from other regions on the substrate [ Figure 3(a) ]. Raman spectroscopy was performed to characterize the device, since it is an effective tool to fingerprint for the thickness of graphene. As illustrated in the Raman map in Figure 3(b) , the intensity of G band was substantially higher in the strip than in the other substrate regions. This was indicative of thicker graphene layers in the strip area, since the G-band intensity would increase with the number of layers in graphene. 22, 23 Individual spots were also taken on different regions of the device. As shown in Figure 3(c) , two prominent peaks could be observed in the corresponding Raman spectra, where the G peaks were normalized to show better comparisons with 2D peaks. In contrast to other surface regions, where I(2D)/I(G) ratio was $2, the I(2D)/I(G) ratio significantly decreased to $0.5 at the freestanding graphene as well as the other regions of the strip, indicating the presence of multi-layer graphene which agreed with the observation from G-band mapping. These results suggested that the presence of multi-layer graphene might prevent the graphene membrane from curling into a CGR.
In order to further investigate the influence of graphene layer number on the formation of CGRs, single-layer, bilayer, and few-layer graphene membranes were transferred to separate dies, respectively, and annealed under the same annealing conditions at 440 C. Figure 4 illustrates the yield of graphene structures for different layer numbers of graphene. We found that CGRs were the dominant structures when the graphene membrane was single layer (I(2D)/I(G) > 2). The bilayer graphene, with comparable 2D and G peak intensities, resulted in a considerably higher proportion of flat graphene ribbons, despite the fact that CGRs were still the main graphene structure. The overall morphology transition occurred when few-layer graphene was used, leading to an overwhelming yield of flat graphene ribbons. This correlation may result from the different thickness of graphene membranes. Thicker graphene membranes may be less vulnerable to the forces induced by thermal degradation of PMMA, and thus have less chance to form the curled structure.
There is still another important factor that is indispensable for the formation of the CGR structures, the PMMA, which acts as a sacrificial support layer during the transfer process to guarantee the intactness of the graphene, and is attributed to the forces that induce the morphology change of graphene during the thermal annealing. Considering the wide variety of available PMMA solvents, it is important to study how PMMA with differing molecular weights and concentrations in anisole could affect the CGR yield. We thus investigated the differences between samples that used PMMA 495 K A2, 495 K A6, and 950 K A2 when annealed at 440 C with single layer graphene. As specified in Table I , all types of PMMA led to a dominant percentage of CGRs in the graphene structures obtained. However, there was a major difference in the average yield of graphene structures per die between different types of PMMA. For PMMA of the same solids content, 950 K A2 with its higher molecular weight tended to break the suspended structures more easily and yield less freestanding graphene structures compared with 495 A2. A much bigger drop was found when the solids content increased. Given that the thermal degradation rate constant of PMMA was independent of polymer concentration, 19 this significant decrease in yield may be attributed to the increased thickness of PMMA film resulting from the higher viscosity of 495 K A6.
In conclusion, we have demonstrated a simple method to curl graphene ribbons and shown that the resulting structures, CGRs, have enhanced photocurrent response. The annealing temperature, thickness of graphene, and the type of PMMA support layer have shown to be the key factors that influence the formation of CGRs. The curling of graphene tends to favor single layer graphene and requires a relatively high annealing temperature. Also, ultrathin PMMA is necessary to obtain a high yield of CGRs. These results have shown important progress in the modification of graphene morphology and the production of appealing structures for optoelectronic applications. 
